Following the earlier work of Yang et al. ͓J. Chem. Phys. 110 ͑1999͒ 2983͔ analytical expressions for the downhill and uphill resonant two-color three-pulse photon echo peak shift ͑2C-3PEPS͒ of a heterodimer system are derived in the impulsive limit. It is shown how to obtain information about coupling between the components of the dimer from the combined one-and two-color peak shift measurements. Further analytical relations are derived which enable site specific information about the environment of the components, including the relative difference of the inhomogeneity and the difference between the energy-gap correlation functions on the heterodimer sites to be obtained. The simulations show only a very small influence of the laser pulse length on the measured values of coupling coefficient and other relevant quantities suggesting that current 2C-3PEPS measurements can find practical application in directly measuring couplings in excitonically coupled heterodimer complexes.
I. INTRODUCTION
During last two decades, ultrafast nonlinear optical spectroscopy has become a popular and powerful tool to investigate processes in chemical and biological systems on the picosecond and femtosecond time scale. The advantage of such high time resolution has been quickly explored to yield new insights into the dynamics of fundamental chemical and biological processes. 1, 2 Recently, the possibility of obtaining structural information from ultrafast optical spectroscopy has been explored. Thus, several studies have explored the conceptual similarities with NMR spectroscopy both experimentally by achieving optical analogs of phase-coherent NMR experiments 3 and theoretically by establishing formal relations between NMR techniques and their optical counter parts. 4 In the infrared region, two-dimensional vibrational spectroscopies have been achieved in pioneering experiments by Hamm et al. 5, 6 using dynamic hole burning and by Hochstrasser et al. 7, 8 and Tokmakoff et al. [9] [10] [11] utilizing heterodyne detected photon echoes. Motivated by the success of NMR and ͑2D͒ IR spectroscopies, recent efforts have focused on the means to establish two-dimensional optical spectroscopies as a tool to learn about couplings between chromophores in complex systems. [12] [13] [14] [15] In parallel with these mostly theoretical investigations, several groups have reported successful measurements of 2D spectra of dye molecules and J aggregates. 16 -20 Two-dimensional optical experiments capable of revealing the full coupling network between different chromophores require a heterodyne detection scheme and are thus more difficult to perform in optical domain than, for example, in the infrared. Alternative methods that avoid these complications are clearly desirable. The three pulse photon echo peak shift ͑3PEPS͒ measurement, for example, uses a relatively simple detection scheme utilizing the integrated signal intensity. In spite of the relative simplicity of its detection scheme, the 3PEPS signal closely follows energygap correlation function of the experimental system as it was shown by Cho et al. 21 Recently a two-color version of the experiment has been proposed 22 and demonstrated. 23 In a two-color experiment on a strongly coupled dimer, the measured energy-gap correlation function is a ''mixture'' of the corresponding correlation functions of the monomers. Thus, using an appropriate analysis procedure one should be able to decompose this mixture and isolate the mixing coefficient, i.e., obtain the coupling between the components of the dimer. Yang and Fleming 22 showed that by combining results from one-and two-color 3PEPS experiments it becomes possible to determine a coupling coefficient directly related to the so-called mixing angle known from the solution of a coupled two-level system ͑see, e.g., Ref where * ,two and * ,one represent the long population times limits of the two-and one-color peak shift, respectively, and the letters and denote the single excitation states of the excitonic ͑i.e., dimer eigenstate basis͒. The two-color peak shift involves the transition frequencies between the ground or doubly excited electronic states and both excitonic levels ͉͘ and ͉͘ whereas the one-color peak shift includes just the transition involving the ͉͘ state. The angle is related to the coupling J and the level energies ⑀ A and ⑀ B by tan 2ϭ 2J ⑀ A Ϫ⑀ B , 0ϽϽ/2. ͑2͒ work to generalize expression ͑1͒ for the case of a heterodimer, particularly for the case where the interaction of the different components of the dimer is characterized by different energy-gap correlation functions. We also investigate the validity of the expressions for an experiment with finite length laser pulses. The manuscript is organized as follows. Section II summarizes briefly the principles of the theoretical description of third-order nonlinear spectroscopy. In Sec. III we discuss the model of the heterodimer system previously introduced in Ref. 22 assuming that the dimer is subject to solvent influence which differs for the two components, and derive an approximate expression for the 2C-3PEPS signal. Further, in Sec. IV, we rederive the peak shift expression of Ref. 22 in a generalized heterodimer form. Additional expressions, which yield insight into heterodimer parameters obtainable from peak shift measurements, are also suggested. The results of our simulations for a model solvated dimer are presented in Sec. V. Finally, in Sec. VI, we draw our conclusions. General expressions for the third-order response functions for case of a two-color experiment are provided in the Appendix.
II. THIRD-ORDER NONLINEAR SPECTROSCOPY
The theory of third-order nonlinear spectroscopy is described in Ref. 25 . Here, we briefly review the basic formulas in order to establish our notation.
We assume a semiclassical radiation-matter interaction Hamiltonian in a form
with the transition dipole moment operator V and an external radiation field E(t) consisting of three noncollinear laser pulses, such that
E͑t ͒ϭE͑ tϩTϩ ͒e
͑4͒
where E(t) is a slowly varying temporal envelope of the incident laser pulses, j and k j are the jth incident pulse mean frequency and wave vector. The relative delays of the pulses are set to be and T. Within standard time dependent perturbation theory, the third-order nonlinear polarization is related to the third-order response function R (3) via the relation
The measured nonlinear signal is proportional to the square of the amplitude of the induced polarization
The response function is represented by a sum of the contributions arising from different Liouville space pathways
where (t) is the Heaviside step function and the detailed expressions for the contributions of Liouville pathways R i (t 3 ,t 2 ,t 1 ) can be obtained in a standard way using the cumulant expansion. 25, 26 The optical photon echo experiment is performed with three noncollinear laser pulses with the echo signal detected in the phase matching direction k s ϭk 3 ϩk 2 Ϫk 1 . This arrangement reduces the number of terms contributing to the signal from Eq. ͑5͒, allowing only those involving a single field-matter interaction per pulse to contribute significantly. Thus, the signal induced into the phase matching direction exhibits a frequency s ϭ 3 ϩ 2 Ϫ 1 . In theoretical descriptions this is usually accounted for by the rotating wave approximation ͑RWA͒ ͑a detailed discussion of the RWA is given in Ref. 16͒ . The optical photon echo experiments in the weak-field regime correspond to their NMR counterparts with so-called /2 pulses in the strong field regime. 4 The response function in the RWA is obtained in the Appendix in terms of the line broadening functions
where U ␣ is the interaction representation of the energy-gap function
automatically satisfying the symmetries of the correlation function and the laws of thermodynamics, e.g., the detailed balance condition. Thus, we define 2 ͑ ͒ϭCЉ͑ ͒, ͑10͒
where CЉ() is the Fourier transformation of the imaginary part of the energy-gap correlation function C(t). Using the spectral density we define the reorganization energy
and two real functions
where ␤ is the usual Boltzmann inverse temperature factor 1/k B T. Both M Ј(t) and M Љ(t) are normalized at tϭ0, so
The line broadening function can be then rewritten as g͑t ͒ϭ⌬ 
͑15͒
In the following we will use the function M (t)ϵM Љ(t)
to describe different models for g (t) . The quantities ͑͒, M Ј(t), and g(t) are calculated using Eqs. ͑15͒, ͑12͒, and ͑14͒.
III. TWO-COLOR THREE-PULSE PHOTON ECHO OF A HETERODIMER SYSTEM

A. Model Hamiltonian of a heterodimer
In this section we closely follow the derivations from the Ref. 22 . We assume two coupled chromophores A and B represented by the two-level system depicted on Fig. 1͑a͒ with respective excitation energies ⑀ A and ⑀ B . Both monomers interact with a bath. The system can be described by the following Hamiltonian
where B i (B i † ) are exciton annihilation ͑creation͒ operators associated with the chromophore iϭA, B, satisfying commu-
The bath degree of freedom are described by a set of coordinates q and impulses p. We expand the exciton energy H i (q) and excitonexciton coupling energy J(q) in powers of q so that we can write
with
and
The coupling to the electric field of the laser is described in the semiclassical approximation by polarization operator
where 
where the mixing angle was defined in Eq. ͑2͒. The complete diagonal electronic Hilbert space of the problem consists of the ground ͑vacuum͒ state ͉0͘, the single excited states ͉͘ and ͉͘, and the double excited state ͉e͘ defined as
In this representation we can write the Hamiltonian as
͑23͒
where the coupling of the electronic eigenstates to the nuclear degrees of freedom of the system rewritten into the new basis yields
q e ϭq AA ϩq BB .
The corresponding level structure can be found in Fig. 1͑b͒ . The polarization operator has the following form in the new basis ͑b͒ Heterodimer complex energy levels after diagonalization, i.e., in its electronic eigenstates. We assume ⑀ Ͼ⑀ throughout this paper.
In the remainder of the paper we assume that the term H 1 is negligible, so that all transitions between electronic states occur only through interaction with the radiation field. Thus for now, we restrict ourselves to the case of a nonreactive system, and neglect electron-phonon coupling produced relaxation between states ͉͘ and ͉͘.
B. Line shape function of a heterodimer
Unlike in Ref. 22 we now assume that different components of the dimer experience different interaction with the bath, resulting in different correlation functions related to different monomeric states, i.e., g AA (t) g BB (t). We further assume that the solvent dynamics are not correlated between states A and B.
If the system enables factorization into slow and fast modes with respect to the experimental time scale, we can write the line broadening functions as a sum of a slow ͑static͒ and fast ͑dynamic͒ components
where the static component corresponds to the inhomogeneous contribution and reads 
and the difference of the inhomogeneities on sides A and B as
In a very similar manner, we will handle the dynamic part of the g(t) functions by defining an average
and difference line shape functions
For the total averaged line shape function and the difference line shape function
the application of Eqs. ͑24͒ yields 
C. Two-color peak shift signal
In an ideal impulsive measurement, the photon echo signal consists only of the contributions from the so-called rephasing pathways. 25 For two-color peak shift measurements of our four-level system, the integrated signal is given by
where ␣, ␤ϭ, . The peak shift is defined by the relation
Since we defined ͉͘ and ͉͘ in such a way that we have ⑀ Ͼ⑀ , we call * (T) and * (T) downhill and uphill peak shifts, respectively. Further, we will consider the downhill peak shift * (T)
only. The uphill version can be easily obtained by exchanging indices and in all equations. We will also omit the argument T in some formulas for brevity. The signal ͑37͒ consists of three contributions
Re R 3 *͑t,T,͒R 1 ͑ t,T, ͖͒.
͑39͒
Here we omitted also the upper indices. According to the Appendix we can write down the contributions in terms of the following function
where the static contribution reads
and P ␣␤ (t)͓Q ␣␤ (t)͔ denotes the real ͑imaginary͒ part of g ␣␤ (t), ␣, ␤ϭ, . For the contributions of both Liouville pathways involved in the peak shift signal we have
and the contribution resulting from the interference of the pathways yields
The function P ␦ is defined as
Now we apply a short time expansion 21 in order to enable the integration over t. We use the same arguments as in Ref. 22 to disregard the cosine term in Eq. ͑44͒. In case we can regard the term exp͕P ␦ (t,T,)͖ as a small modulation we can write
This expression differs from that one obtained in Ref. 22 only by presence of the ␦g(t) function in P (t)͓ P (t)͔ and results in a final expression for the peak shift
Here, P (T) corresponds to the real part of the electronic energy-gap correlation function 25 ͓see Eq. ͑8͔͒. According to Ref. 21 , expression ͑47͒ should be valid for comparatively long population times T.
IV. INFORMATION GAINED FROM ONE-AND TWO-COLOR EXPERIMENTS
Comparing the expressions for uphill and downhill peak shifts we obtain ͑in analogy to Ref. 22͒ * ,two
This expression shows, that the ratio of the two-color peak shifts should be approximately constant for long T. It also provides the possibility of estimating the relative value of the difference in the site energy distributions on sites A and B at zero population time. We define
which characterizes the difference between contributions to the energy gap correlation function and a function B(T) representing the averaged correlation function
From the ratio of downhill and uphill two-color peak shifts ϭ * ,two * ,two , ͑51͒
we obtain
Thus, a difference in the downhill and uphill peak shifts provides evidence for different static contributions ͑inhomo-geneity͒ to the correlation functions for the two-monomer sites.
Using our notation and the result of Cho, 21 the one-color peak shift can be written as follows
. ͑53͒
A comparison of the two one-color peak shift expressions ͑53͒ reveals further information. Realizing that we can write The last expression shows that by proper weighting of the one color peak shift measurements we can aquire information about the differences in the energy-gap correlation functions on sites A and B of the heterodimer. Now, following similar considerations to those in Ref. .
͑59͒
This is a symmetrized ͑with respect to downhill and uphill peak shift͒ version of the expression already given in Ref. 22 . We have successfully eliminated the difference of correlation functions.
V. SIMULATIONS
The preceding section yielded several expressions which should provide access to information about coupling between the components of a dimer and provide quantitative insight into the dynamics of its components directly from experimental data. The most important quantity is the coupling coefficient C of Eq. ͑59͒ which allows access to the value of the coupling J provided the eigenstate energies ⑀ and ⑀ are known. Note that knowledge of the site energies ⑀ A and ⑀ B is not required. Furthermore, the coefficient of Eq. ͑51͒ provides information about the initial difference between the correlation functions of both sides of the heterodimer. Essentially, if ϭ1 the correlation function, and subsequently also the line shape function g(t) is the same on both sites of the dimer at time tϭ0. The dynamical information about the sites of the dimer can be obtained from Eq. ͑56͒ which reflects the difference of the correlation function between sites A and B of the dimer as they evolve in time. Since the peak shift closely follows the correlation function only at later population times T, we have to ignore the initial part of the C , and b(T) dependence on T.
In Table I , we define the parameters of a set of model dimer systems. We vary the parameters systematically to obtain several well defined values of the C coefficient. We denote the parameter sets by lower case letters a to d. The parameters are chosen with the monomeric transition energy ⑀ B corresponding to 1 eV and ⑀ A ϭ1.2⑀ B , the coupling J is chosen so that the resulting coupling coefficient C has values 0.1, 0.2, 0.3, and 0.4.
In the following we will compare the generalized coupling coefficient result ͑59͒ with the one given by Eq. ͑1͒ to see if it indeed provides better results for the case of different g(t) on the sites of the heterodimer. We assume the peak shift to be dominated by the solvent dynamics so that we can assume simple exponential and Gaussian forms for the M (t) function. 27 The Gaussian shape of the normalized correlation function is usually attributed to the inertial solvent motion. We denote
where t g is the characteristic correlation decay time for the Gaussian component. In the calculations we assume t g to be around 100 fs. On a longer time scale the structural reorganization of the solvent is usually described by one or several exponential components so that we define
͑61͒
The coupling of the solvent modes is described by their respective reorganization energies g and e ͓see Eq. ͑15͔͒.
In Table II , we summarize the solvent parameters of these simulations. We denote the different sets of parameters for the g(t) by Arabic numbers for later reference.
A. Coupling coefficient
As a reference system we calculated all one-color and uphill and downhill two-color peak shifts on a heterodimer system with the same solvation correlation functions characterizing both sites A and B. We assume the transition dipole moments of the monomer transitions to be the same, so that the monomers differ only in transition energy ͑which allows both of the one-exciton transitions in the dimer to be allowed͒. The resulting two-color peak shifts are identical due to the symmetry in the g(t)'s, the same is true for the onecolor peak shifts. Thus, for the evaluation of the data we can use both the Eq. ͑1͒ and the formula of Eq. ͑59͒ equally.
We calculated the peak shift for all the system parameters from Table I using g(t) constructed from the parameter sets 1 to 5 of the Table II. Figure 2 presents the results for the correlation function parameter set 2 and laser pulse intensity 0  200  100  2  100  60  100  1000  3  140  130  210  1000  4  100  60  210  500  5  140  130  100  500 full width at half maximum ͑FWHM͒ of 10 and 30 fs. The ''experimental'' ͑i.e., calculated from the values of peak shifts͒ value of the coupling coincides here with the exact one for the population time TϾ100 fs. For clarity, we do not show values calculated for small T in Fig. 2 . We could see only a weak dependence of the converged result on the pulse length. For all the other correlation functions from Table II we have summarized the results in Table III . We present only results for C ϭ0.4 which usually show the largest error ͑compare Fig. 2͒ . With increasing FWHM of the pulses we observe a slight increase in the value of C extracted from the simulated data. From these calculations we can conclude that the Eq. ͑1͒ indeed preserves its validity even for finite duration laser pulses. Equation ͑1͒ becomes more accurate for systems with long components in their energy-gap correlation function. Now we turn our attention to a true heterodimer. We suppose the same dimer parameters, only the correlation functions characterizing the bath dynamics on different sites of the dimer are now assumed to be different. In Fig. 3 , we take parameter set 3 for site A and set 5 from Table II for site B. The coupling coefficient is calculated according to Eqs. ͑1͒ and ͑59͒. Clearly, the symmetrized formula gives a significantly better result in this case. Equation ͑1͒ significantly underestimates the coupling. The dependence of the results on the laser pulse length was again found to be very weak. In Table IV we present the values of C obtained for sets 3-4, 3-5, and 4-5 for C ϭ0.4. In general, the results are very close to the exact value, thus our calculations confirm the applicability of the 2C-3PEPS method for determining electronic coupling in excitonic dimer complexes.
B. Reconstruction of the correlation function
Since the results for coupling coefficient are very good, we may hope that the other equations from Sec. IV also contain valuable information. Equation ͑52͒ promises to give an estimate of the ratio between the difference of the initial inhomogeneity and the averaged initial inhomogeneity. In Fig. 4 , we present the ratio of downhill and uphill peak shift , as a function of T for three different parameter sets. Since the ratio b(0)/B(0) in Eq. ͑52͒ includes the coefficients C 1 and C the value of depends on the coupling strength between the monomers. We know the C coefficient from the earlier discussion, so that we can calculate the experimental value of the b(0)/B(0) ratio and compare it with the known input value. The results of this calculation using data in Fig. 4 are summarized in the Table V. We have chosen two distinct sets of parameters for g A (t) and g B (t) so that b(0) Ͼ0 ͑Fig. Table II , and laser pulse intensity FWHM equal to 10 fs ͑circles͒ and 30 fs ͑triangles͒. The exact value of the coupling coefficient is shown by a horizontal full line. We can conclude that the ratio of two-color peak shifts for longer population times T will indeed allow determination of the relative difference of inhomogeneity in the two sites of the heterodimer. The difference of energy-gap correlation functions on sites A and B can be further examined utilizing Eq. ͑56͒. In 
VI. CONCLUSIONS
In this manuscript we propose an expression ͑59͒ to measure the coupling between components of excitonically coupled heterodimer complexes. We showed that two-color photon echo peak shift measurements provide information about the difference in initial value of the energy-gap correlation functions for the two components of the dimer ͓see Eq. ͑52͔͒. Also, we suggest that by proper weighting of one-color peak shift measurements ͑56͒, one may obtain insight into the two-correlation functions at larger times and thus to measure the differences between the environments interacting with different components of the dimer. The simulations show that the method is robust with respect to the length of the laser pulse used for measuring the one-and two-color peak shifts.
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APPENDIX: GENERAL MULTICOLOR PATHWAYS EXPRESSION
We assume a molecular system with N electronic levels coupled to a set of vibrational degrees of freedom. The whole system is described by a Hamiltonian
where q denotes the vibration coordinates. Before being subjected to the action of external laser field, the system is in its electronic ground state, i.e., (Ϫϱ)ϭ g ͉g͗͘g͉. The interaction of the molecular system with the electric field is described by a Hamiltonian of the form of Eq. ͑3͒ with a dipole operator V that allows transitions among electronic levels. We assume the Condon approximation, so that V is independent of the vibrational coordinates. If we define the dipole moment operator in interaction representation as
the four Liouville pathways from Eq. ͑7͒ can be written as where g is the ground state density matrix and
͑A10͒
Here U ␣ (t) is ␣ g is the energy-gap function ͑9͒. Indices a, b, and c denote states in the N-level system. Since the system is in its ground state initially, the indices a and c in Eq. ͑A8͒ cannot represent the ground state, i.e., a, c g. The actual form of the contributions to the F function depends on the form of the dipole operator V and on the frequencies of the external laser field. In our electronic four-level system with a ground state ͉g͘ and excited states ͉͘, ͉͘, and ͉e͘ as depicted in Fig.  1͑b͒ , the F functions ͑A7͒ consist in general of two terms. Since both ͉͘ and ͉͘ states reside in a similar spectral regions and the doubly excited state ͉e͘ can be reached only via these states, the situation is very similar to that one of a three-level system ͑see Ref. 16͒ . Assuming the transition frequencies g and g are different enough, so that the laser can be resonant with only one transition at a time, only one term from each F function is not negligible; for example, for R 1 pathways, first two interactions with the laser on frequency g bring the population to the state while the last interaction could, in general, cause a transition to the ground state ͉g͘ or to the ͉e͘ state. But since the last pulse is resonant with the transition ͉͘→͉e͘ only, the contribution leading into ͉g͘ is negligible. Thus, we obtain For expressions where b equals g it is enough to note that g ␣g (t)ϭ0 for any ␣. Following the above discussion, one can, in principle, derive the necessary pathway contributions for any N-level system.
